Bacteriophage are widely distributed and have long been known to inhabit the human oral cavity ([@CIT0001]--[@CIT0003]). They are hypothesized to be distributed wherever their potential hosts exist. They have either lytic lifestyles where they infect their hosts and kill them rapidly to spread their progeny, or lysogenic lifestyles where they integrate into their host genomes and potentially contribute valuable gene functions. Lysogenic phage are able to lyse their hosts and spread their progeny in response to host and other external signals, but the frequency with which these phage lyse their hosts in the oral microbiome is poorly understood.

Early studies of bacteriophage in the oral cavity identified phage that parasitize oral pathogens such as *Aggregatibacter actinomycetemcomitans* ([@CIT0004], [@CIT0005]). In these studies, the presence of *A. actinomycetemcomitans* phage was positively correlated with rapidly destructive periodontitis ([@CIT0006], [@CIT0007]), which suggested a role for oral phage in bacterial virulence. However, other studies showed that these phage were not associated with periodontal disease ([@CIT0008], [@CIT0009]), so their role in the oral microbiome is still unclear. Regardless of their role in oral disease, previous studies show that phage in the oral cavity can act both as commensals ([@CIT0010]) and pathogens ([@CIT0011]), which suggests that they play significant roles in the ecology of the human oral microbiome.

Numerous culture-based attempts have been made to isolate novel phage from saliva and dental plaque, but overall these studies failed to consistently identify a presence of phage ([@CIT0010], [@CIT0012], [@CIT0013]). Some of the studies identified phage from bacteria that were not thought to be representative of the normal oral flora or were of relatively low abundance. For example, phage capable of parasitizing *Enterococcus faecalis* ([@CIT0010]) and *Proteus mirabilis* ([@CIT0013]) were identified, but these bacteria were not considered to belong to the normal oral flora. The lack of plausible evidence for widespread phage in the human oral cavity led these authors to hypothesize that the interactions between phage and their hosts do not heavily influence oral microbial ecology. One caveat to these studies is that they were conducted during a time when most phage were considered to have a relatively narrow host range. More recently, there has been much more widespread acceptance of the concept of generalist strategies for phage, in which certain phage are known to have relatively broad host ranges (generalists) compared to the traditional view of phage with narrow host ranges (specialists) ([@CIT0014]--[@CIT0017]). These studies highlight that the concept of narrow host range arose from model systems that lacked suitable hosts and utilized lysis as the sole basis to determine whether there was a phage infection. As a result, these model systems underestimate phage host range. In reassessment of the early data suggesting the presence of *E. faecalis* and *P. mirabilis* phage in the human oral cavity, a more plausible explanation may be that the host range of these phage may have been greater than what could be tested for *in vitro*. While there have been some oral *E. faecalis* isolates shown to harbor lysogenic phage ([@CIT0018]), whether these phage may be capable of generalist strategies are not known. Techniques such as single-cell PCR and *in-situ* hybridization that can detect phage within a single host cell may greatly expand the ability to characterize bacteriophage host range ([@CIT0019], [@CIT0020]), particularly in complex microbial communities.

The oral cavity is populated by communities of phage {#S0002}
====================================================

Early studies of phage in the human oral cavity relied upon the presence of virus-like particles (VLPs) using electron microscopy to speculate that there may be many phage present in dental plaque ([@CIT0001]). Because these types of studies could not also taxonomically characterize the phage present, it was unclear whether the presence of VLPs represented a few relatively abundant phage or many different evenly distributed phage. Using epifluorescence microscopy, studies have shown that there are approximately 10^8^ VLPs per mL of fluid from oropharyngeal swabs ([@CIT0021]), 10^8^ VLPs per mL of saliva ([@CIT0022]), and 10^7^ VLPs per milligram of dental plaque ([@CIT0023]). Culture- and morphology-based techniques have not been sufficient to characterize the diversity of phage in the oral cavity, but the utilization of metagenomics techniques based on shotgun sequencing approaches have proven effective in uncovering the membership and diversity of oral phage communities ([@CIT0022], [@CIT0024]).

By using next generation sequencing approaches, such as metagenomics, we now recognize that the oral cavity is home to a large population of viruses, many of which can be identified as bacteriophage ([@CIT0022]--[@CIT0026]). These studies also have identified some eukaryotic viruses including torque teno viruses, circoviruses, herpesviruses (HSV), and Epstein--Barr virus (EBV) among a few others, but phage appear to be more highly abundant, which may reflect the high ratio of bacterial cells to our own cells in the oral cavity. Another potential explanation for the abundance of phage compared to eukaryotic viruses are enrichment techniques such as cesium chloride (CsCl) density gradient centrifugation and sequential filtration, which could result in technical biases by removing viruses from the oral virome ([@CIT0027]). Enveloped viruses such as HSV and EBV have been found in the oral virome, indicating that enveloped viruses may be identified, but larger viruses such as mimiviruses may be trapped by filtration ([@CIT0027], [@CIT0028]). Smaller viruses such as human papillomaviruses are readily detected after CsCl gradient enrichment ([@CIT0029]), so the extent of virion size biases is difficult to quantify for smaller viruses. Most studies of human viromes have focused only on DNA viruses, so the constituents and potential roles of RNA phage communities lags significantly behind ([@CIT0030]). Many phage in the oral virome may be intracellular at the time of analysis, and thus, they could also go unrecognized or their relative abundance underestimated in oral virome analysis ([@CIT0024], [@CIT0027], [@CIT0031]).

While technical biases such as the concentration on DNA viruses and utilization of filtration techniques could lead to substantial underestimations of oral phage community diversity, there are other factors that might contribute to the overestimation of oral phage diversity. Principally among these factors include undersampling of the phage community ([@CIT0029]) and an inability to properly assemble phage genomes from complex communities ([@CIT0025]). One means of estimating the diversity of viral communities is a tool called Phage Communities from Contig Spectrum (PHACCS) ([@CIT0032], [@CIT0033]), which uses a rank-abundance model based on the full spectra of assembled and size-sorted contigs. Use of this tool has recently highlighted the critical role that assemblers play in estimating phage community diversity, by demonstrating that certain assemblers may provide significantly different estimations of community diversity ([@CIT0033]). Despite the limitations imposed through the assembly process, estimates of phage diversity in human saliva suggest that there are hundreds to thousands of different phage genotypes that are relatively evenly distributed in this particular environment ([@CIT0022]). These results indicate that the numerous VLPs in the oral cavity likely represent many different evenly distributed phage. Another study showed that phage community diversity still was substantially overestimated in oral viromes likely as a result or limitations in the phage assembly process ([@CIT0025]). An alternative method termed the Homologous Viral Diversity Index (HVDI) uses homology amongst assembled phage contigs to identify contigs through network analysis that likely belong to the same viruses ([@CIT0029]). A corrected contig spectra is formed from the networks and utilized to reduce the overestimation of phage genotypes. Utilization of this method indicates that phage are less evenly distributed in the human oral cavity than were originally projected ([@CIT0034]). It also shows that phage diversity in the oral cavity is relatively homogenous between different human subjects and is far greater than is estimated in the colon.

Oral biogeography {#S0003}
=================

The heterogeneity of different tissue types in the oral cavity provides a variety of surfaces available for colonization by oral bacteria and their phage ([@CIT0035]). Studies of the oral microbiome have shown that all oral biogeographic niches are home to their own unique community members ([@CIT0036], [@CIT0037]). The supragingival areas are continuously subjected to environmental changes as we brush our teeth and ingest a variety of foods on a daily basis. This results in microbial communities in supragingival plaque that have to respond to pulses of carbohydrates and stages of either primary or secondary colonization of tooth surfaces several times during a single day. Microbial shifts during these processes can result in prolonged exposures to acidification due to the selection of acidogenic and aciduric bacteria, which can result in dental caries ([@CIT0038]--[@CIT0041]). Subgingival areas consist of epithelial surfaces that continually desquamate and are supplied by fluid from the gingival crevice. This particular area is primarily anaerobic and is inhabited largely by strict and facultative anaerobic bacteria. The differences in environments likely account for the observed variation in both bacteria and phage flora, which are relatively site-specific regardless of oral health status ([@CIT0023], [@CIT0031]). The general lack of oxygen and the availability of amino acids and peptides for microbial growth in the subgingival crevice ([@CIT0042], [@CIT0043]) are likely major factors responsible for the selection of a subgingival flora. A different bacterial flora that uses carbohydrates for growth inhabits the more aerobic and carbohydrate-rich supragingival areas ([@CIT0043]). In addition, differences in pH that may be associated with distinct biogeographic sites and local periodontal health may also affect oral phage ecology; however, the effects of pH on oral phage have yet to be reported.

Few studies have demonstrated the presence of phage communities in oral plaque ([@CIT0023], [@CIT0031]). In one study, pathogen-specific phage were identified in dental plaque using metagenomic techniques ([@CIT0044]), which could have been surmised from prior studies of phage from the oral pathogen *A. actinomycetemcomitans* ([@CIT0045]). Follow-up studies now have shown that there are communities of viruses in both subgingival and supragingival plaque, with very little evidence to support that there are significant differences in phage diversity between oral aerobic and anaerobic niches ([@CIT0023], [@CIT0031]). Other studies of oral biogeography have shown that there are distinct bacterial communities on the tongue, dental plaque, buccal mucosa, keratinized gingiva, and the nasal cavity ([@CIT0046]--[@CIT0053]), which suggests that these surfaces also could have distinct phage communities. The relative lack of obtainable biomass from some of these sites has hampered investigation of their phage communities because there generally is not enough material available for filtration and ultracentrifugation. Other techniques such as metagenomics and metatranscriptomics, followed by filtering out discernible phage reads ([@CIT0054], [@CIT0055]) may be necessary to characterize phage communities from these oral surfaces.

Complex relationships between relative abundances of phage and their hosts {#S0004}
==========================================================================

While analysis of phage evolution with their host bacteria is difficult to study in complex microbial ecosystems, there is one study that has attempted to predict putative phage hosts using their patterns of homologous sequences ([@CIT0022]). Because many of the phage identified in the human oral cavity are predicted to have lysogenic lifestyles, their patterns of nucleotide usage and homologous sequences might be expected to resemble those of their bacterial hosts ([@CIT0056]). Using homologous sequences to predict putative hosts of phage, one study identified putative phage of numerous different Firmicutes (includes *Streptococcus*, *Granulicatella*, and *Veillonella*), Bacteroidetes (includes *Prevotella*), Fusobacteria (includes *Leptotrichia*), Proteobacteria (includes *Neisseria*), Actinobacteria, Spirochaetes, and members of the TM7 Phylum ([Table 1](#T0001){ref-type="table"}) ([@CIT0022]). While BLASTX hits may provide accurate predictions of some host/phage relationships, the diversity of phage likely are much too complex to accurately predict their hosts based on homology alone. The relative abundances of bacteria do not necessarily predict the relative abundances of their phage in these studies ([@CIT0022], [@CIT0031]). In one study, the relative abundances of phage for the genera *Streptococcus* and *Neisseria* were highly concordant with the relative abundances of their hosts, while *Actinomyces* and *Fusobacterium* that primarily live in the subgingival crevice were more likely to have inverse relationships with their hosts ([@CIT0022]). These patterns observed for anaerobic bacteria suggest that there may be ecological differences observed in host/phage relationships related to oral biogeographic sites.

###### 

BLASTX hits to viruses infecting specific bacterial genera from human saliva

  Phylum           Genus                             Subject 1 (%)   Subject 2 (%)   Subject 3 (%)
  ---------------- --------------------------------- --------------- --------------- ---------------
  Firmicutes       *Streptococcus*                   8.91            12.82           8.36
                   *Ruminococcus*                    12.63           10.71           9.43
                   *Granulicatella*                  4.26            3.63            1.78
                   *Lactobacillus*                   11.57           8.35            3.56
                   *Lactococcus*                     4.65            2.70            5.69
                   *Oribacterium*                    0.27            0.67            1.78
                   *Veillonella*                     0.00            0.93            0.89
                   Total                             42.29           39.80           31.49
  Bacteroidetes    *Bacteroides*                     17.42           10.88           13.35
                   *Prevotella*                      2.66            6.58            4.09
                   Total                             20.08           17.45           17.44
  Fusobacteria     *Fusobacterium*                   11.04           12.06           8.19
                   *Leptotrichia*                    1.60            2.11            1.96
                   Total                             12.64           14.36           10.15
  Proteobacteria   *Neisseria*                       3.86            4.55            7.12
                   *Burkholderia*                    4.65            3.29            4.98
                   *Haemophilus*/*Aggregatibacter*   0.40            1.52            0.18
                   *Cardiobacterium*                 0.27            0.34            0.18
                   Total                             9.18            9.70            12.46
  Actinobacteria   *Actinomyces*                     3.19            2.19            2.67
  Spirochaetes     *Treponema*                       3.06            4.13            3.56
  Other            TM7 (Phylum level)                3.19            1.01            0.53
                   Other                             6.38            11.55           21.71
                   Total                             9.57            12.56           22.24

Data derived from Ref. ([@CIT0022]).

One study characterized human salivary phage and bacterial ecology at numerous time points over a 60-day period ([@CIT0025]). Certain oral bacteria such as *Streptococcus* and putative streptococcal phage had relative abundances that were highly volatile over time. We plotted the relative abundances of bacteria assigned to the genus *Streptococcus* along with the relative abundances of putative streptococcal phage over time and observed different patterns in the different subjects studied. For example in subjects 1 and 2, at most time points there was an inverse relationship between the relative abundances of putative hosts and phage ([Fig. 1](#F0001){ref-type="fig"}, Panels a and b). This type of antagonistic relationship has been observed in *Pseudomonas* phage in individuals with cystic fibrosis ([@CIT0057]) and is potentially due to the presence of predominantly lytic phage or shifts in the life cycles of temperate phage to the lytic cycle. The exact opposite relationship was found for subjects 3 and 4, where the relative abundances of putative streptococcal phage and host paralleled each other throughout the study ([Fig. 1](#F0001){ref-type="fig"}, Panels c and d), suggesting a more mutualistic relationship between host and phage where the phage in that individual did profoundly affect host relative abundance. These data suggest that there exist both antagonistic and mutualistic coevolutionary relationships between oral bacteria and their phage in the human oral cavity ([@CIT0058]).

![Relationships between putative streptococcal phage and their hosts. Relative abundances of *Streptococcus* species (black boxes) and putative streptococcal phage (white boxes) in the saliva of four subjects at 11 different time points over 60 days. Relative abundances of streptococci were determined based on the number of V1--V2 segment-16S rRNA reads assigned to the genus *Streptococcus*, and putative streptococcal phage assignments were determined based on BLASTX best hits to streptococcal phage. The percentage of all 16S rRNA reads assigned to streptococci are shown on the left y-axis, and the percentage of phage contigs assigned to streptococcal phage are shown on the right y-axis. The x-axis shows the day each subject was sampled. AM represents morning time points, NN represents noon time points, and PM represents evening time points. Panels a and b show subjects 1 and 2, and demonstrate an inverse relationship between the relative abundances of streptococcal species and their phage. Panels c and d show subjects 3 and 4 and demonstrate direct relationships.](JOM-7-27423-g001){#F0001}

Viral persistence in the oral cavity {#S0005}
====================================

Viruses and hosts may persist because their persistence could lead to an increased growth rate without any changes in phage infectivity ([@CIT0059]). Therefore, hosts/viruses may select for each other to co-evolve and by doing so limit the ability for other phage to enter the community. Recent studies of the human gut demonstrate a high persistence of phage ([@CIT0060]), which also was confirmed in a much larger subject group in the oral cavity ([@CIT0025]). In the saliva samples representing eight subjects, nearly 20% of the phage that were identified during the first day of the study could also be observed 60 days later. Because many of the oral viromes were not sampled exhaustively, the 20% likely was a substantial underestimate of their persistence. More importantly, the subjects in that study were sampled at 11 different time points, and the proportion of phage that could only be identified for less than 4 days was \<12%, which suggests that transience of oral phage may be the exception rather than the rule. Analysis of an individual phage over the course of the same study showed that there were only few polymorphisms, at the gene level present, suggesting that oral phage may not be under significant selective pressure to alter their nucleotide sequences. These data support that human oral phage are highly persistent and suggest that many of them likely are co-evolving with their bacterial hosts.

There are numerous different mechanisms by which oral bacteriophage may evade their host immune systems and persist. These include but are not limited to carrying their own restriction/modification enzymes ([@CIT0031]), and avoiding cognate sequences for restriction/modification systems ([@CIT0056], [@CIT0061], [@CIT0062]). In oral phage communities, there are substantial numbers of restriction/modification enzymes ([@CIT0025], [@CIT0031]), whose role may mimic those found in their host bacteria, or may potentially be utilized to broaden their host range. Restriction/Modification systems are designed to modify nucleic acids at specific residues, so that nucleic acids from parasitic entities such as viruses and plasmids that are not modified can be recognized ([@CIT0063]). The unmodified nucleic acids are cleaved by restriction enzymes, rendering them inert for producing phage progeny or for plasmid replication. Some phage may only need modification enzymes, which allow them to evade detection when they parasitize new hosts. Having both restriction and modification enzymes, however, may provide a means by which phage can prevent competing phage from parasitizing or killing the same hosts ([@CIT0064]--[@CIT0066]).

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs) in combination with CRISPR Associated Genes (CAS) form CRISPR/Cas systems in cellular microbiota ([@CIT0067]--[@CIT0069]) and are involved in acquired resistance against invading phage and plasmids. Anti-CRISPR genes ([@CIT0070]--[@CIT0072]) represent a diverse collection of genes that independently are capable of inhibiting CRISPR/Cas system activity. Their substantial diversity across different phage may parallel the diversity of different CRISPR/Cas systems in nature ([@CIT0072], [@CIT0073]). While relatively few anti-CRISPR genes have been identified in oral phage communities, only a minority of the phage in these communities have identifiable homologues ([@CIT0022], [@CIT0024], [@CIT0025]). Given the significant number of CRISPR spacers identified in the oral cavity that match oral phage ([@CIT0023], [@CIT0074]--[@CIT0076]), there probably is broad interplay between oral phage and CRISPR immune systems. Therefore, the use of anti-CRISPR genes may provide a means by which oral viruses persist over long time periods.

Horizontal gene transfers and gene functions {#S0006}
============================================

The oral cavity is believed to be an excellent environment for horizontal gene transfers, and phage likely are active in that process ([@CIT0077]). Oral bacteria may acquire new gene functions through transformations (direct uptake and incorporation of exogenous genetic material), conjugations (transfer of genetic material between cells), or transductions (the transfer of genetic material between bacteria by phage). The contribution of new gene functions by phage that result in host phenotypic changes are referred to as lysogenic conversions ([@CIT0078], [@CIT0079]). The presence of numerous integrase genes amongst the phage identified in the oral cavity indicates that many phage with lysogenic lifestyles are members of the oral virome ([@CIT0022]). Additionally, the majority of the phage genes in the oral virome are homologous to genes identified in the Caudovirus family *Siphoviridae* (have long non-contractile tails). In general, siphoviruses are more likely to have temperate lifestyles, while other Caudovirus families *Podoviridae* (have short non-contractile tails) and *Myoviridae* (have long contractile tails) are more likely to have lytic lifestyles ([@CIT0080], [@CIT0081]). Siphoviruses predominate in saliva, subgingival and supragingival plaque in subjects with relative periodontal health ([@CIT0031]), which suggests that many of the gene functions identified in the oral virome are involved in lysogenic conversions of bacteria.

There are many virulence factors that can be identified amongst the oral phage community that are putatively involved in the pathogenesis of their cellular hosts ([@CIT0022]). The first evidence of this in the oral virome was the identification of platelet binding factors *pblA* and *pblB* in tail fiber genes of oral phage ([@CIT0024]). Presumably, the presence of tail proteins encoding these factors contributes to the pathogenicity of their bacterial hosts. These proteins have been shown to contribute to *Streptococcus mitis* virulence in an animal model of endocarditis ([@CIT0082], [@CIT0083]). The prevalence of different *pbl* genes in the oral virome suggests that there probably are multiple different phage with different hosts that take advantage of these phage to increase their virulence potential. Other commonly identified virulence genes in oral phage are putatively involved in immune evasion, and include *pspA* and *pspC*, which are involved in complement fixation and immunoglobulin degradation, respectively ([@CIT0022]). There also are oral virulence factors that have multiple functions, such as both the adhesion and serum resistance functions in YadA ([@CIT0084]), which has been identified in the oral virome. Phage carrying *yadA* have been shown to persist in the oral cavity over relatively long time periods ([@CIT0022]). Many different virulence genes such as *pblA*, *pblB*, *pspA*, and *yadA* have been identified in oral phage using metagenomics; however, the actual contribution of these genes to the pathogenicity of their hosts has yet to be demonstrated experimentally.

Phage attachment and traversal of mucosal surfaces {#S0007}
==================================================

The total surface area of the average human mouth is estimated to be 215±13 cm^2^, with 30.5% of the surface area devoted to the teeth and hard palate, and 69.5% devoted to the tongue and other mucosa ([@CIT0085]). This surface area may be increased in periodontal pockets in subjects with severe generalized periodontal disease ([@CIT0086]). The oral mucosa provides a broad surface area to house phage communities, but membership of mucosal phage communities have yet to be investigated. Because saliva and dental plaque share a portion of their phage ([@CIT0023], [@CIT0031]), it is likely that some phage inhabiting mucosal surfaces also are shared with saliva.

The phage to bacteria ratio in the human gums is estimated to be \>35:1 compared to a \<10:1 ratio for the adjacent planktonic environment ([@CIT0087]), which indicates that the oral mucosa provides an extensive surface for phage adhesion. The high abundance of phage in mucus layers could represent an increased production of phage by bacteria in the mucus layer, a high propensity of planktonic phage to bind to mucus layers, or an ability of phage to bind to mucus layers and persist even in the absence of continual production of virions. The potential for phage virions to be highly persistent in mucus layers could have consequences for their hosts, and phage have been hypothesized to provide a protective function for the human host against invading bacterial pathogens ([Fig. 2](#F0002){ref-type="fig"}, Panel a) ([@CIT0087], [@CIT0088]).

![Diagrams representing modalities by which phage may alter the diversity of the bacterial community in the human oral cavity. Panel a represents the abundance of phage capable of binding to the oral mucosa. In this example, the phage employ generalist strategies with expanded host ranges and are capable of protecting the human host against pathogens that attempt to cross mucosal barriers. Panel b represents a co-evolutionary arms race in which lytic phage drive their hosts to develop resistance phenotypes to escape predation. Panel c represents potential beneficial effects of lysogenic conversions by phage. In this example, the phage endows its host with antibiotic resistance that allows its host to survive and become more abundant in the community after antibiotic disturbances.](JOM-7-27423-g002){#F0002}

Phage nucleic acids have been identified in the blood of individuals who are immunosuppressed ([@CIT0089]), which suggests mucosal barriers, and their associated immune components play a role in limiting the access of phage to the bloodstream. While many of the phage identified in the blood may gain access to the blood by way of the gastrointestinal tract, the large surface area of the oral cavity ([@CIT0085]) suggests that breaches in the oral mucosa could also lead to translocation of phage into the bloodstream. The spread of oral phage through the bloodstream to other parts of the body could contribute to them finding additional bacterial hosts within the same individual and even their spread to other individuals ([@CIT0026]).

Role of bacteriophage in driving oral microbial diversity {#S0008}
=========================================================

Rapid co-evolution may affect oral microbial ecology, and the persistence of many phage may result in an accelerated population dynamic where diversity of the cellular microbiota is driven by their phage. As was demonstrated with RNA phage Φ6 in an experimental system with *P. syringae*, when competition was introduced, the original phage rapidly evolved generalist phenotypes capable of infecting multiple different bacterial strains and species ([@CIT0090]). These data suggest that phage in complex ecosystems compete with one another for resources, and that competition may drive the evolution of more generalist genotypes capable of expanding their host ranges ([@CIT0091]). The consequences for oral microbial ecosystem may be that a greater proportion of the bacteria come under pressure from more generalist phage.

The different phage lifestyles in the oral cavity may help to determine the extent of selective pressure that oral bacteria are under from their phage. Those phage with primarily lytic lifestyles are capable of driving bacterial diversity through an arms race with their host, where the host develops mutations to escape phage predation and vice versa ([Fig. 2](#F0002){ref-type="fig"}, Panel b) ([@CIT0059]). Generally less is known about diversifying selection from temperate phage, which reside primarily in the genomes of their hosts. These types of phage lyse their hosts when resources are limited as a means to spread their progeny to avoid extinction when their hosts cannot find adequate resources. In contrast, data exist suggesting that lysis occurs from some temperate phage when resources are relatively abundant as long as there are agents such as sunlight, pollutants, or other environmental factors present that might promote induction ([@CIT0092]--[@CIT0096]). This finding was also supported in a study that showed persistence of phage virions in the oral cavities of subjects that were sampled three times daily ([@CIT0025]). The persistence of those virions in that study suggested that there may be a low level of lysis of their hosts even for lysogenic phage that resulted in their virions being identified at all-time points in subjects over 60 days. That temperate phage may kill their hosts even under resource abundant conditions alters the perception that they drive the diversity of their cellular hosts primarily when resources are limited.

There are certain host genes that are under diversifying selection by invading phage. Receptor proteins on the host represent a primary means by which host and phage interact. The phage recognize and bind to the host cell receptors and modification or loss of these receptors as a mechanism for evading phage is an important process by which bacteria are diversified during their encounters with their phage ([@CIT0097], [@CIT0098]). Changes to these receptors often lead to fitness costs, such as the loss of the ability of oral bacteria to form viable biofilms ([@CIT0097], [@CIT0099]). While there are many studies demonstrating the co-evolution of host and phage *in vitro*, there also is evidence that co-evolution occurs in natural communities. *P. fluorescens* and phage Φ2 undergo extensive changes in soil as a result of their co-evolutionary arms race ([@CIT0058], [@CIT0100]). There also is considerable phage diversity including horizontal gene transfers in genes involved in phage attachment in other natural phage isolates, suggesting strong diversifying selective pressures among the attachment sites of these phage ([@CIT0058], [@CIT0101], [@CIT0102]). Some organisms such as *P. aeruginosa* utilize a dense extracellular matrix to avoid exposing their receptors to phage ([@CIT0103]); however, some phage encode their own enzymes to break down these matrices and predate upon their hosts ([@CIT0104]). Host bacteria even encode systems that allow them to abort phage infections through cell death utilizing abortive infection systems ([@CIT0105]).

Many oral phage persist despite host compensatory mechanisms to avoid infection ([@CIT0025]). The presence of many siphoviruses that may have lysogenic lifestyles ([@CIT0031]), suggests that these phage may have greater fitness in adapting to the oral environment. Oral siphoviruses may drive the diversity of oral bacteria through their contributions of pathogenic gene functions, such as mediators that allow adhesion to the oropharynx and degradation of complement and immunoglobulins ([@CIT0022]). CRISPR/Cas systems are involved in driving reciprocal diversity between host and phage in natural environments ([@CIT0106]), including streptococci in the human oral cavity ([@CIT0074]). The CRISPR loci within these systems have numerous spacer sequences that target oral phage, but those matching phage persist, potentially as a result of their ability to lie dormant as prophage in their bacterial hosts.

Spread to other individuals {#S0009}
===========================

Oral phage must to some extent reflect the ecology of their bacterial hosts, yet the presence of both mutualistic and antagonistic relationships between phage and hosts makes it difficult to predict the dynamics of any particular host/phage relationship. Another factor that shapes oral microbial ecology is the sharing of our oral microbiota with those of our close contacts. As pertains to oral phage, many are shared between close contacts through personal contact or shared environmental reservoirs ([@CIT0107]). A recent study showed that similar oral phage could be found between unrelated household members ([@CIT0026]), even in the absence of such intimate behaviors such as kissing, which suggests that intimate contact is not required for the sharing of oral microbiota. However, another study recently showed that oral microbiota are shared significantly through intimate kissing ([@CIT0048]), so it is likely that the more intimate the contact the greater is the potential to share microbiota.

There are tremendous implications for the sharing of viromes amongst close contacts, most importantly is the potential sharing of their virulence gene functions. The persistence of oral phage likely provides substantial opportunities for sharing amongst close contacts. Many oral phage carry antibiotic resistance genes, such as beta lactamases (involved in resistance to antibiotics such as penicillin) ([@CIT0025]), which could alter the resistance of the resident microbiota to antibiotic perturbations ([Fig. 2](#F0002){ref-type="fig"}, Panel c). The fact that beta lactamases were found in oral phage of subjects that had not received antibiotics for years, suggests that antibiotic resistance in phage may not always occur as a direct result of selective antibiotic pressures. These phage identified in the oral cavity and their potential to be shared with close contacts likely contribute to the increasing trend in penicillin resistance in oral microbes ([@CIT0108]).

Consequences of altered bacterial diversity {#S0010}
===========================================

There have been numerous different oral pathogens implicated in the development of periodontal disease ([@CIT0109]--[@CIT0111]), however, there has yet to be identified any single pathogen present in every case. This has led some to hypothesize that periodontal disease may result from an altered bacterial community that creates an oral environment that is more conducive to inflammation and the subsequent development of periodontitis. Indeed there are consistent identifiable differences in the subgingival microbiota of subjects with moderate/severe periodontitis compared to relatively healthy controls ([@CIT0031]), and it remains unclear whether some of the observed differences could be mediated by phage. A recent study has shown that there are significant differences in phage ecology in the subgingival crevice of relatively healthy subjects compared with those with moderate/severe periodontitis ([@CIT0031]). While these differences could merely reflect variations in the bacterial community, similar changes in a number of ecosystems are not necessarily reflected in phage ecology ([@CIT0022], [@CIT0112], [@CIT0113]). The phage in the subgingival crevice of subjects with moderate/severe periodontal disease were highly enriched for myoviruses rather than the siphoviruses that predominate in relative periodontal health ([@CIT0031]), and their potentially lytic lifestyles could contribute to the altered bacterial diversity observed in the disease state. However, not all myoviruses have primarily lytic lifestyles, so the presence of myoviruses in periodontal disease does not necessarily indicate that the hosts are under added pressure from phage predation.

Another consequence of altered bacterial community composition may be an added susceptibility to pathogens. While the effects of disturbances to oral microbiota are poorly understood, disturbances that result in dysbiosis of cellular microbes on other body sites are associated with disease phenotypes ([@CIT0114]). Some examples of dysbiosis associated with disease include vaginal candidiasis in response to antibiotic disturbances ([@CIT0115]), pseudomembranous colitis as a result of *Clostridium difficile* infection after antibiotic disturbances ([@CIT0116]), and inflammatory bowel diseases in which intestinal dysbiosis is a hallmark feature ([@CIT0117]). In the oral cavity, dental caries occur as a result of bacterial carbohydrate fermentation leading to the acidification of the local environment and the selection of cariogenic bacteria. Periodontal disease is associated with dysbiosis of both the bacterial and phage flora in the subgingival crevice ([@CIT0031], [@CIT0118]). Other conditions such as abscesses and pharyngitis generally are caused by the presence of oral pathogens such as Group A *Streptococcus* ([@CIT0119]). However, whether these conditions may also be preceded by dysbiosis that provides a selective advantage to oral pathogens is not known. Characterization of phage communities and their dynamics preceding disease development could provide insight into the role that phage play in oral health and disease.

Conclusions {#S0011}
===========

The advent of next generation sequencing technologies has dramatically increased our knowledge of phage diversity and population dynamics in human health and disease. Yet, very little is known about the ecological and evolutionary mechanisms at the gene and molecular level that are responsible for the transition from a healthy virome to a disease-associated virome. Current research shows that the traditionally narrow phage host-range boundaries are being reevaluated by using novel molecular tools such as single-cell PCR and *in-situ* hybridization. Research is also expanding on the mechanisms that determine the mixed roles of phage in different oral biogeographic sites and their potential roles as drivers of bacterial diversity in oral disease. In some conditions such as periodontitis the presence of phage may be linked to more virulent bacteria, while in other oral conditions they may have more commensal roles. Oral phage research has opened new exiting areas in both basic and applied science fields, and in the near future we will be able to move beyond taxonomic classification and gene-association studies to functional meta-omics studies and controlled experimental host-microbial model systems. Such systems either used in isolation or in a combinatory experimental approach, will allow systematic investigation of the impact of viromes on the health and disease of the human host. We foresee continued progress in understanding the role of phage in oral dysbiosis and their potential impacts on indigenous oral microbiota including their potential for spread of antibiotic resistance.
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